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Hepatitis C virus (HCV) NS5A has been reported to be important for the establishment of replication by
adaptive mutations or localization, although its role in viral replication remains unclear. It was previously
reported that NS5A interacts with NS5B via two regions of NS5A in the isolate JK-1 and modulates the activity
of NS5B RdRp (Y. Shirota et al., J. Biol. Chem., 277:11149–11155, 2002), but the biological significance of this
interaction has not been determined. In this study, we addressed the effect of this interaction on HCV RNA
replication with an HCV replicon system derived from the isolate M1LE (H. Kishine et al., Biochem. Biophys.
Res. Commun., 293:993–999, 2002). We constructed three internal deletion mutants, M1LE/5Adel-1 and
M1LE/5Adel-2, each encoding NS5A which cannot bind NS5B, and M1LE/5Adel-3, encoding NS5A that can
bind NS5B. After transfection into Huh-7 cells, M1LE/5Adel-3 was replication competent, but both M1LE/
5Adel-1 and M1LE/5Adel-2 were not. Next we prepared 20 alanine-substituted clustered mutants within both
NS5B-binding regions and examined the effect of these mutants on HCV RNA replication. Only 5 of the 20
mutants were replication competent. Subsequently, we introduced a point mutation, S225P, a deletion of S229,
or S232I into NS5A and prepared cured Huh-7 cells that were cured of RNA replication by alpha interferon.
Finally, with these point mutations and cured cells, we established a highly improved replicon system. In this
system, only the same five mutants were replication competent. These results strongly suggest that the
interaction between NS5A and NS5B is critical for HCV RNA replication in the HCV replicon system.

The hepatitis C virus (HCV) is a major cause of chronic
hepatitis around the world (1, 9). Chronic infection with HCV
results in liver cirrhosis and often hepatocellular carcinoma
(50, 53). HCV is an enveloped positive-strand RNA virus be-
longing to the genus Hepacivirus in the family Flaviviridae (44).
The HCV RNA genome is �9.6 kb in length and consists of a
5� nontranslated region (5� NTR), a large open reading frame,
and a 3� NTR. The 5� NTR contains an internal ribosome entry
site (IRES) mediating translation of a single polyprotein of
�3,000 amino acid (aa) residues (57, 59). The polyprotein is
cleaved by host and viral protease into at least 10 different
products (2, 21, 22, 25, 26). The structural proteins core, E1,
and E2 are located in the amino terminus of the polyprotein,
followed by p7, a hydrophobic peptide with unknown function,
and the nonstructural (NS) proteins NS2, NS3, NS4A, NS4B,
NS5A, and NS5B (41). The 3� NTR consists of a short variable
sequence, a poly(U)-poly(UC) tract, and a highly conserved X
region, and it is critical for HCV RNA replication and HCV
infection (17, 34, 65, 66).

HCV is unique among positive-strand RNA viruses in caus-
ing persistent infections, and a high mutation rate in E2 allows

it to escape host immune surveillance. These phenomena are
tightly associated with chronic inflammation of the liver (27,
32, 61, 62). Therefore, HCV RNA replication has been a target
for treatment of HCV. NS5B is an RNA-dependent RNA
polymerase (RdRp), the central catalytic enzyme in HCV
RNA replication. Several recombinant forms of NS5B ex-
pressed and purified from insect cells and Escherichia coli are
available and catalytically active, and studies with purified
NS5B proteins provide insight into the biochemical and cata-
lytic properties of NS5B (3, 16, 39, 64). However, the result
that NS5B can initiate de novo RNA replication in vitro with
both a non-HCV RNA template and an HCV RNA template
may reflect the catalytic property of NS5B but not the tight
regulation of HCV RNA replication initiation. Studies of HCV
RNA replication in vitro have to overcome several difficulties,
since replication requires all or most NS proteins and occurs at
the membrane where all of the HCV NS proteins are recruited.

A second system used to study HCV RNA replication is the
study of HCV RNA replicons in vivo, which utilizes autono-
mously replicating HCV-derived RNAs. These replicon RNAs
have the authentic HCV 5� and 3� NTRs. The HCV IRES
drives the translation of a selectable marker such as neomycin
resistance, and an internal encephalomyocarditis virus IRES
directs translation of NS3 to NS5B (38). In vitro-transcribed
replicon RNAs are transfected into the human hepatoma cell
line Huh-7 by electroporation and placed under selection. The
emergence of neomycin-resistant cell colonies is indicative of
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RNA replication. Recently, adaptive mutations that dramati-
cally enhance the ability of HCV RNA to replicate have been
identified in NS3, NS4B, NS5A, and NS5B (4, 24, 35, 37, 40).
Initially, only the replicon derived from a genotype 1b isolate,
HCV-Con1, was replication competent in Huh-7 cells, and
adaptive mutations were required for efficient replication (4,
35, 37, 40). Then, several replicon systems derived from a
genotype 1b isolate, HCV-N, and a genotype 1a isolate, HCV-
H77, were reported to replicate in Huh-7 cells (6, 23, 24, 29).
Recently, a replicon system was established which uses an
HCV sequence derived from the human T-cell line MT-2C
infected with HCV (a genotype 1b isolate, M1LE) in vitro and
isolated 50-1 cells replicating subgenomic RNAs with some
amino acid mutations (31, 33, 43, 55).

It was previously reported that NS5A and NS5B interact in
vitro and in vivo through two independent regions of NS5A
and that NS5A modulates the activity of NS5B RdRp through
this interaction in vitro in the isolate JK-1 (54). This ability of
NS5A to modulate the RdRp activity in vitro may be consistent
with the high frequency of adaptive mutations in NS5A which
result in a much more efficient RNA replication in Huh-7 cells;
however, the biological meaning of the interaction between
NS5A and NS5B remains to be addressed in vivo. Here we
report a modified HCV RNA replicon system derived from the
isolate M1LE by introducing point mutations (S225P, a dele-
tion of S229, and S232I), and curing 50-1 cells of HCV sub-
genomic RNA replication by interferon (IFN) treatment. By
introducing internal deletion and substitution mutations into
NS5A, we demonstrate that the regions essential for the inter-
action between NS5A and NS5B are also critical for HCV
RNA replication in using the HCV replicon system.

MATERIALS AND METHODS

Construction of plasmids. pNNRZ2RU (33) harbors a subgenomic replicon
derived from MT-2C cells infected with HCV (a genotype 1b isolate, M1LE;
GenBank accession no. AB080299), and this plasmid contains cDNA of wild-type
M1LE. For convenience, pNNRZ2RU was digested with MluI and BglII, and the
obtained fragment was inserted into the MluI and BglII sites of the vector
pGL3Basic (Promega) to create pGL3-MluI-BglII. pGL3-MluI-BglII was used as
an intermediate vector. All mutations were introduced into pGL3-MluI-BglII,
and then the fragments of pGL3-MluI-BglII digested by MluI and BglII contain-
ing each mutation were reintroduced into the MluI and BglII sites of
pNNRZ2RU to create each mutant.

M1LE/5Adel-1 was generated by PCR with the primers 5Adel-1 For (contain-
ing a MluI site) and 5A Rev-3 and then inserted into the MluI and NheI sites of
pGL3-MluI-BglII to create pGL3-MluI-BglII-5Adel-1. M1LE/5Adel-2 was gen-
erated by PCR with overlap extension with the primers 5Adel-2 For, 5A Rev-2,
5Adel-2 Rev, and 5A For-3 and then inserted into the NheI and SacI sites of
pGL3-MluI-BglII to create pGL3-MluI-BglII-5Adel-2. M1LE/5Adel-3 was gen-
erated by PCR with the primers 5A del-3 For (containing a NheI site) and 5A
Rev-2 and then inserted into the NheI and SacI sites of pGL3-MluI-BglII to
create pGL3-MluI-BglII-5Adel-3.

An alanine scanning method was used to construct NS5A alanine-substituted
mutants to minimize the effects of substituted amino acid residues (7). The
positions of alanine-substituted clustered mutations (cm) of NS5A are shown in
Fig. 2B. To generate MlLE/cm 94, 100, 105, 110, 113, 120, 127, 134, 141, 148, and
155, each mutation was introduced into the MluI and NheI sites of pGL3-MluI-
BglII by site-directed mutagenesis with primers carrying the necessary nucleotide
changes to create pGL3-MluI-BglII-cm94, -100, -105, -110, -113, -120, -127, -134,
-141, -148, and -155, respectively. To generate M1LE/cm 252, 277, 283, 290, 297,
304, 311, 316, 321, and 328, each mutation was introduced into the NheI and SacI
sites of pGL3-MluI-BglII by site-directed mutagenesis with primers carrying the
necessary nucleotide changes to create pGL3-MluI-BglII-cm252, -277, -283, -290,
-297, -304, -311, -316, -321, and -328, respectively.

To generate M1LE/S225P and a deletion of S229 (delS229), the point muta-

tions S225P and delS229 were introduced into the MluI and NheI sites of pGL3-
MluI-BglII by site-directed mutagenesis with primers carrying the necessary nu-
cleotide changes to create pGL3-MluI-BglII-S225P and -delS229. The point
mutation S232I was introduced into the MluI and SacI sites of pGL3-MluI-BglII
by site-directed mutagenesis with primers carrying the necessary nucleotide
changes to create pGL3-MluI-BglII-S232I. To generate the double mutants con-
taining both the point mutation S232I plus an internal deletion mutation or cm,
the EcoRI fragments of pGL3-MluI-BglII-cm94, -100, -105, -110, -113, -120, -127,
-134, and -141 were inserted into the EcoRI sites of pGL3-MluI-BglII-S232I.
Because there were no optimal enzyme sites in the others, the point mutation
S232I was introduced into the MluI and SacI sites of pGL3-MluI-BglII-5Ade1-1,
-del-2, -del-3, and -cm148, -155, -252, -277, -283, -290, -297, -304, -311, -316, -321,
and -328 by site-directed mutagenesis with primers carrying the necessary nu-
cleotide changes.

To create double mutants containing both the point mutation S225P plus an
internal deletion mutation or cm (cm 252, 277, 283, 290, 297, 304, 311, 316, 321,
and 328), the NheI and SacI fragments of pGL3-MluI-BglII-5Adel-2, -5Adel-3,
-cm252, -277, -283, -290, -297, -304, -311, -316, -321, and -328 were introduced
into the NheI and SacI sites of pGL3-MluI-BglII-S225P.

To generate M1LE/5B-VDD, a point mutation changing the GDD motif of
NS5B to VDD was introduced at the NdeI and SmaI sites of pGL3-MluI-BglII by
site-directed mutagenesis with primers carrying the necessary nucleotide changes
to create pGL3-MluI-BglII-5B-VDD.

All of the mammalian expression vectors were derived from pSG5UTPL (36).
The vector pNKFLAG (49) was used to express amino-terminally FLAG-tagged
proteins. The vector pNKGST (49) was used to express glutathione S-transferase
(GST)-fused proteins.

pNNRZ2RU was subcloned by PCR with the primers NS5A For, NS5A Rev,
NS5B For, and NS5B Rev. NS5A For contains an artificial initiation codon
downstream of the MunI site, and NS5B For contains one artificial initiation
codon downstream of the SacI site. NS5A Rev contains a BglII site, and NS5B
Rev contains a BamHI site. Full-length NS5A was subcloned into the EcoRI and
BamHI sites of pNKFLAG to create pNKFLAG-5A/wild, and full-length NS5B
was subcloned into the SacI and BamHI sites of pNKGST to create pNKGST-
5B/wild.

To create NKFLAG-5A/de1-1, and -cm94, -100, -105, -113, -120, -127, -134,
-141, -148, and -155, the MluI and NheI fragments of pGL3-MluI-BglII mutants
were introduced at the MluI and NheI sites of pNKFLAG-5A/wild. To create
NKFLAG-5A/del-2, /del-3, -cm252, -277, -283, -290, -297, -304, -311, -316, -321,
and -328, the NheI and SacI fragments of pGL3-MluI-BglII mutants were in-
serted into the NheI and SacI sites of pNKFLAG-5A/wild.

The sequences of all of the constructs were confirmed by the dideoxy sequence
method. The main primers used for plasmid construction are shown in Table 1.

In vitro transcription and purification of RNA. Plasmids were linearized with
XbaI and purified by passage through a column (PCR purification kit; Qiagen)
prior to transcription. RNA was synthesized with T7 MEGAScript reagents
(Ambion) by following the manufacturer’s directions, and the reaction was
stopped by digestion with RNase-free DNase. The synthesized RNA was passed

TABLE 1. Sequences of primers used in the present study

Primer Sequence (5�–3�)

5Adel-1 For.......ATATATCAACGCGTACCCGGCGTGTAAACCT
CTCCTACGG

5Adel-2 For.......GTGGAGTCAGAGAACGTTCCTCCGGTGGT
ACACGGGTGCCCA

5Adel-2 Rev ......TACCACCGGAGGAACGTTCTCTGACTCCAC
GCGGGTGATGTT

5Adel-3 For.......ATATATATGCTAGCCAGTTGAAGGTAGTA
ATTCTGGACTCTTTC

5A For-3 ............ATCCTTCCCACATTACAGCA
5A Rev-2 ...........CTCAACGTCGGATCCCTTGT
5A Rev-3 ...........GGTCAGCGTCCGGGGAGTCATG
NS5A For ..........ATATCAATTGCATGTCCGGCTCGTGGCTAAG

GGATATT
NS5A Rev .........ATATAGATCTGCAGCAGACGACGTCCTCACT

AGCCTC
NS5B For ..........TATCGAGCTCGATGTCAATGTCCTACTCATG

GACAGGT
NS5B Rev..........ATATGGGATCCCCGGTTGGGGAGCAGGTAG

ATGCCTAC
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through a column (RNeasy mini kit; Qiagen) and dissolved in RNase-free water.
The concentration was determined by measuring the optical density at 260 nm,
and RNA integrity was checked by nondenaturing agarose gel electrophoresis.

RNA transfection and selection of G418-resistant cells. Subconfluent Huh-7
cells were trypsinized, washed once with phosphate-buffered saline (PBS) (�),
and resuspended at 107 cells/ml in OPTI-MEM (Gibco-BRL, Invitrogen Life
Technologies). Then, 10 to 1,000 ng of transcript was adjusted with total RNA
from naive Huh-7 cells to a final amount of 10 �g, which was mixed with 400 �l
of the cell suspension in a cuvette with a gap width of 0.4 cm (Bio-Rad). The
mixture was immediately transfected into Huh-7 cells by electroporation with
GenePulser II system (Bio-Rad) set to 270 V and 975 �F. Following 10 min of
incubation at room temperature, the cells were transferred into 10 ml of growth
medium and then seeded into a 10- or 15-cm-diameter cell culture dish. For the
selection of G418-resistant cells, the medium was replaced with fresh medium
containing 0.5 to 1 mg of G418 (Geneticin; Gibco-BRL, Invitrogen Life Tech-
nologies)/ml after 24 to 48 h and the medium was changed twice a week. Four
weeks after transfection, colonies were stained with Coomassie brilliant blue (0.6
g/liter in 50% methanol–10% acetic acid).

IFN treatment. To stop the replication of HCV subgenomic RNA, 50-1 cells
were treated with 10,000 U of IFN-�2b (kindly provided by Schering-Plough)/ml
in the absence of G418. After 2 weeks of IFN treatment, the absence of HCV
RNA was determined from the results of Northern hybridization, reverse tran-
scription-PCR, and sensitivity to G418.

Cell culture. We used two kinds of Huh-7 cells, one derived from our own
laboratory’s original Huh-7 cell line, designated Huh-7-DMB, and the cured
clone of 50-1 cells, designated Huh-7-KV-C. Both types of Huh-7 cells were
grown in Dulbecco’s modified Eagle’s medium (Gibco-BRL, Invitrogen Life
Technologies) supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
nonessential amino acids, 100 U of penicillin, and 100 �g of streptomycin.

Preparation of cell extracts, coprecipitation with glutathione resin, and West-
ern blot analysis. The transient transfection of COS1 cells was carried out by
using the calcium-phosphate method. The cells were harvested, washed with PBS
(�), and sonicated in PBS lysis buffer [PBS (�) containing 250 mM NaCl, 1.0%
Triton X-100, 1 mM EDTA, and 1 mM dithiothreitol] with 10 mg (each) of
aprotinin and leupeptin per ml. Total cell lysate was diluted 10-fold with PBS
lysis buffer, mixed with 40 �l of glutathione-Sepharose 4B beads (glutathione
resin) (Amersham Biosciences), and then incubated for 3 h on a rotator in a cold
room. After an extensive wash with PBS (�) containing 1.0% Triton X-100, the
bound proteins were eluted, fractionated by sodium dodecyl sulfate (SDS)–10%
polyacrylamide gel electrophoresis (PAGE), transferred onto nitrocellulose
membranes, and subjected to Western blot analysis with anti-FLAG monoclonal
antibody. The proteins were visualized by enhanced chemiluminescence accord-
ing to the manufacturer’s instructions (Amersham Biosciences). The nitrocellu-
lose membranes used for Western blot analysis with anti-FLAG monoclonal
antibody were reprobed with anti-GST monoclonal antibody (Zymed Laborato-
ries) according to the manufacturer’s instructions (Amersham Biosciences).

RESULTS

Interaction between NS5A and NS5B. It was previously re-
ported that NS5A and NS5B associate through two discontin-
uous regions of NS5A (aa 105 to 162 and 277 to 334) and that
NS5A weakly stimulates the activity of NS5B RdRp in vitro
initially (at a molar ratio to NS5B of less than 0.1) and then
inhibits the activity in a dose-dependent manner (54). To ex-
amine the effect of this interaction on HCV RNA replication,
we used an HCV RNA replicon system derived from the iso-
late M1LE and 50-1 cells (33). We prepared a hybrid replicon
of JK-1 and M1LE which harbors the JK-1 sequence from aa
92 (MluI site) of NS5A to the end of NS5B. However, the
hybrid replicon did not produce any G418-resistant colony with
the Huh-7 cell line (data not shown), so we constructed various
mutated versions of NS5A of the RNA replicon derived from
M1LE.

First, we confirmed whether the association between NS5A
and NS5B through the two discontinuous regions of NS5A
occurs with the sequence derived from M1LE. COS1 cells were
transiently cotransfected with mammalian expression vectors,

pNKFLAG-5A/wild, /del-1, /del-2, and /del-3; pNKGST or
pNKGST-5B/wild; and the cell lysates were subjected to a GST
pull-down assay. pNKFLAG-5A/wild encodes the full-length
and wild-type NS5A proteins of M1LE. pNKFLAG-5A/del-1
encodes the internally deleted NS5A protein missing aa 94 to
162, a deletion 11 aa longer than that reported for JK-1 for the
convenience of mutagenesis (aa 105 to 162). pNKFLAG-5A/
del-2 encodes the internally deleted NS5A protein missing aa
277 to 334, the same region reported for JK-1. pNKFLAG-5A/
del-3 encodes the internally deleted NS5A protein missing aa
235 to 276, a region nonessential for the interaction with NS5B
in JK-1. pNKGST-5B/wild encodes the full-length and wild-
type NS5B proteins of M1LE, and pNKGST encodes only a
GST protein. Under conditions in which the expression levels
of FLAG-NS5A proteins (input) were similar and the recovery
of the GST-NS5B proteins was almost the same (Fig. 1A, lanes
1 to 5, and C, lanes 2 to 5), coprecipitated NS5A proteins
(output) were examined (Fig. 1B, lanes 1 to 5). FLAG-NS5A/
wild bound to GST-NS5B (Fig. 1B, lane 2) but not to GST
alone (Fig. 1B, lane 1). This result demonstrates that NS5A
and NS5B also interact not only in JK-1 but also in M1LE in
vivo. Very little FLAG-NS5A/del-1 or /del-2 was recovered
(Fig. 1B, lane 3 and 4); however, FLAG-NS5A/del-3 was effi-
ciently pulled down (Fig. 1B, lane 5). When larger amounts of
proteins were used for this assay, both FLAG-NS5A/del-1 and
/del-2 were weakly detected in the fraction pulled down with
GST-NS5B but much significantly weaker than FLAG-5A/wild
and /del-3. These results demonstrate that aa 94 to 162 (de-
fined as region 1) and aa 277 to 334 (region 2), but not aa 235
to 276 (region 3), of NS5A seem to be essential for binding
NS5B in M1LE as observed in JK-1.

Effect of binding NS5B on HCV RNA replication. To exam-
ine the effect of the interaction between NS5A and NS5B on
HCV RNA replication in the replicon system, we prepared
three kinds of internal deletion mutants, M1LE/5Adel-1,
M1LE/5Adel-2, and M1LE/5Adel-3, missing regions 1, 2, and
3 of NS5A, respectively (Fig. 2). M1LE/5Adel-1 and M1LE/
5Adel-2 are impaired in their binding to NS5B, but M1LE/
5Adel-3 is not. As a negative control, we prepared M1LE/5B-
VDD, in which the GDD motif of NS5B was mutated to VDD.

FLAG-tagged wild-type and internally deleted NS5A pro-
teins were efficiently expressed in transiently transfected COS1
cells (Fig. 3). When wild-type M1LE and M1LE/5Adel-3 were
transfected by electroporation into our laboratory’s Huh-7 cell
line, Huh-7-DMB, G418-resistant colonies emerged after se-
lection at a concentration of 1 mg/ml. In the case of M1LE/
5Adel-3, the number of G418-resistant colonies was about
seven times fewer than in wild-type M1LE. In contrast, no
colonies emerged when M1LE/5Adel-1, M1LE/5Adel-2, and
M1LE/5B-VDD were transfected into Huh-7-DMB cells, indi-
cating that both of the NS5B-interacting regions of NS5A are
critical for HCV RNA replication (Fig. 4). The fact that
M1LE/5Adel-3 was replication competent but less efficient
than the wild type in Huh-7-DMB cells may reflect some roles
of region 3 in HCV RNA replication or a conformational
change introduced by the internal deletion (see Discussion).

To minimize the effect of the internal deletion and further
delineate the sequence(s) critical for HCV RNA replication,
we used the alanine-scanning method (7). All residues of the
two regions were scanned by introducing alanine substitution
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cm in addition to one cm mutant within region 3 as a control
(Fig. 2). All of these cm mutants in FLAG-tagged forms, 10 in
region 1, 9 in region 2, and 1 in region 3, were similarly
expressed in transiently transfected COS1 cells (Fig. 3). When
these 20 mutants were transfected by electroporation into
Huh-7-DMB cells, only M1LE/cm 252, 277, 283, 290, 297, and
304 were found to be replication competent, although less so
than wild-type M1LE. All other mutants were replication in-
competent (Fig. 5). The regions of cm 252, 277, 283, 290, 297,
and 304 are predicted to form a helical structure by DNASIS-
Mac, version 3.2 (Hitachi Software Engineering Co.). The
competence of replication may be due to this original structure
(see Discussion). To rule out this possibility, we constructed
another cm mutant, M1LE/cm 110. In this mutant, the region
from aa 110 to 117 of NS5A is predicted to form a helical
structure, were all changed to alanines, and after the transfec-
tion into Huh-7-DMB cells, no colonies emerged (data not
shown). These results support the notion that the inability of
the internal deletion mutants, M1LE/5Adel-1 and M1LE/
5Adel-2, to replicate is due not to conformational change in-
duced by the deletions but to the absence of interaction be-
tween NS5A and NS5B. It is also unlikely that these results are
due to an increased cytotoxicity associated with the mutant
NS5As, because we observed no decrease in transfection effi-
ciency or ability to establish colonies by using the plasmid

encoding a drug resistance marker along with the wild or the
mutant NS5A protein (data not shown).

Improvement in the HCV replicon system. The results
clearly showed that two discontinuous regions of NS5A are
essential for HCV RNA replication by using the HCV replicon
system with Huh-7-DMB cells; however, the number of G418-
resistant colonies per microgram of transfected RNA was
much smaller than previously reported (24, 29, 35, 37). It
remains unclear whether some mutants were replication com-
petent but too inefficient to be detected in the system we
applied. Therefore, we tried to improve the assay system in two
ways, by the introduction of point mutations to NS5A and by
the selection of Huh-7 cells cured of HCV RNA replication by
IFN treatment.

We constructed three mutants, M1LE/S225P, M1LE/
delS229, and M1LE/S232I, harboring the point mutation
S225P (35), a deletion of S229 (delS229) (24), and S232I (4),
respectively, all defined as adaptive mutations in other HCV
replicon systems (Fig. 2). Next, the 50-1 cells, an HCV subge-
nome-replicating subclone, were cured of HCV RNA by treat-
ment with IFN for 2 weeks (as described in Materials and
Methods), and then the absence of HCV RNA was determined
from the results of Northern hybridization, reverse transcrip-
tion-PCR, and sensitivity to G418 (data not shown). The 50-1
cells cured of HCV RNA by treatment with IFN, designated

FIG. 1. Interaction between NS5A and NS5B of the isolate HCV M1LE and the regions essential for this interaction. COS1 cells were
transiently cotransfected with mammalian expression vectors expressing FLAG-NS5A proteins (lanes: 1 and 2, wild type; 3, internal deletion
mutant 1; 4, internal deletion mutant 2; 5, internal deletion mutant 3) and GST protein alone (lane 1) or GST-NS5B proteins (lanes 2, 3, 4, and
5). (A) Input of FLAG-NS5A proteins. Total lysates were fractionated by SDS–10% PAGE and subjected to Western blot analysis with anti-FLAG
monoclonal antibody. (B) Output of FLAG-NS5A proteins. Coprecipitants by glutathione resin were washed with PBS (�) containing 1.0% Triton
X-100, fractionated by SDS–10% PAGE, and subjected to Western blot analysis with anti-FLAG monoclonal antibody. (C) Recovery of GST or
GST-NS5B proteins. The nitrocellulose membrane used for Western blot analysis of coprecipitants with anti-FLAG antibody was reprobed with
anti-GST antibody. Molecular masses (in kilodaltons) are indicated to the right of each panel.
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FIG. 2. (A) Schematic presentation of HCV mutant replicons used in this study. Wild-type M1LE contains the HCV M1LE wild-type sequence.
M1LE/5Adel-1, M1LE/5Adel-2, and M1LE/5Adel-3 encode internal deletions of NS5A missing aa 94 to 162 (region 1), aa 277 to 334 (region 2),
and aa 235 to 276 (region 3), respectively. All amino acids within region 1 were replaced with alanines, and 11 cm mutants were prepared. All amino
acids within region 2 were replaced, and 9 cm mutants were prepared. The aa 252 to 258 within region 3 were replaced, and M1LE/cm 252 was
prepared. The point mutation S225P, a deletion of S229, and S232I were introduced into wild-type M1LE, and then M1LE/S225P, M1LE/delS229,
and M1LE/S232I were prepared. M1LE/5B-VDD encodes NS5B in which the GDD motif was mutated to VDD. (B) Summary of the NS5A
mutations. This figure shows the entire amino acid sequence of NS5A of M1LE and the positions of mutations. Numbering starts from the
beginning of NS5A. Internal deletions 1, 2, and 3, and point mutations S225P, delS229, and S232I, and cm 252 were introduced as described for
panel A. All amino acids within region 1 were replaced with alanines, and then M1LE/cm 94, 100, 105, 110, 113, 120, 127, 134, 141, 148, and 155
were prepared. All amino acids within region 2 were replaced with alanines, and M1LE/cm 277, 283, 290, 297, 304, 311, 316, 321, and 328 were
prepared. The positions of the substituted amino acids in each cm mutant are shown in panel B.
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Huh-7-KV-C, were evaluated. Wild-type and these mutant
HCV replicons were transfected into Huh-7-DMB and Huh-
7-KV-C cells. In Huh-7-DMB cells, M1LE/S225P and MlLE/
S232I actually increased the efficiency of transduction to some
extent, but M1LE/delS229 did not (Fig. 6A). M1LE/S232I was
the most effective. In Huh-7-KV-C cells, interestingly, no col-
onies emerged after selection with G418 when wild-type M1LE
was transfected, whereas in the case of M1LE/S225P, delS229,
and S232I, 2,500, 3,000, and 25,000 colonies/�g of RNA
emerged, respectively (Fig. 6B). These results indicate that two
point mutations, S225P and S232I, can be categorized as the
adaptive mutations in the isolate M1LE and that the cells
cured of HCV RNA by treatment with IFN, Huh-7-KV-C,
show higher permissiveness for M1LE/S225P, delS229, and
S232I than Huh-7-DMB cells. In this way, we established
highly improved replicon systems.

Delineation of important sequences of NS5A for HCV RNA
replication. To examine the effect of internal deletions and
alanine substitutions on HCV RNA replication with this im-
proved replicon system, double mutants with S232I plus inter-
nal deletion mutations or alanine-substituted cm’s in M1LE
were constructed and transfected into Huh-7-DMB and Huh-
7-KV-C cells by electroporation. After G418 selection, in Huh-
7-DMB cells, some 400 to 1,000 colonies/�g of RNA emerged
with the double mutants of M1LE/S232I plus cm 252, 277, 283,
297, and 304, but only about 100 colonies/�g of RNA emerged
with the double mutant M1LE/S232I plus cm 290. No colonies

emerged with the double mutant M1LE/S232I plus other cm’s,
del-1, del-2, and del-3 (Fig. 7; data not shown for Huh-7-KV-C
cells). The double mutant M1LE/S232I plus cm 110 was also
replication incompetent in Huh-7-DMB cells. To further ex-
amine the replication competence of these mutants, double
mutants of M1LE/S225P plus an internal deletion mutation or
cm were constructed and then transfected into Huh-7-DMB
cells. The results were almost the same as those with the
double mutants with S232I, although the efficiencies of these
mutants were around one-half of those with S232I (Fig. 8). The
similar results in the double mutants with S225P were obtained
with Huh-7 KV-C cells (data not shown). The replication-
defective property of the mutants with deletions of regions 1
and 2, the cm mutants within region 1, and the cm mutants in
the C-terminal part of region 2 was also observed with both
Huh-7-DMB and Huh-7-KV-C cells, indicating that the repli-
cation incompetence of these mutants is not due to the low
efficiency of the original assay system. The cm mutants at the
N-terminal part of region 2, cm 277, 283, 290, 297, and 304,
were replication competent in the absence of the adaptive
mutation in Huh-7-DMB cells and also in the presence of the
adaptive mutation in Huh-7-DMB and Huh-7-KV-C cells to
some extent. Taken together, these results suggest that the
interaction with NS5B through regions 1 and 2, probably
through its C-terminal part, is also essential for HCV RNA
replication. We examined the interaction between cm mutants
of FLAG-NS5A and GST-NS5B, but the difference among
wild-type and cm mutants was weak in the pull-down assay.
Differential binding would be possible if the two partner pro-
teins were lower in concentration or together with other NS
proteins, as those occur in vivo in HCV-RNA-replicating cells.

Interestingly, two quantitative differences were observed
with M1LE/5Adel-3, cm 252, and 290 with and without the
adaptive mutations. M1LE/5Adel-3 was weakly replication
competent in Huh-7-DMB cells but incompetent in Huh-7-
DMB and Huh-7-KV-C cells when the adaptive mutations
were introduced. In contrast, M1LE/cm 252 was weakly repli-
cation competent in Huh-7-DMB cells but as high as that of
the other replication-competent cm mutants in the presence of
the adaptive mutations in Huh-7-DMB and Huh-7-KV-C cells
(data not shown for Huh-7-KV-C cells; see Discussion).

DISCUSSION

HCV NS5A is a viral regulatory protein that modulates viral
RNA replication and host processes by interacting directly and
indirectly with a variety of host regulatory factors (10, 19, 42,
56, 58, 67). The important role of NS5A in HCV RNA repli-
cation has been clearly demonstrated by high or clustered
incidence of adaptive mutations in NS5A detected in HCV
RNA replicon systems, although the molecular mechanism
involved remains unknown (4, 24, 35, 37, 40). Shirota et al.
previously reported direct interaction between NS5A and
NS5B through two binding regions of NS5A expressed in mam-
malian cells and in vitro with a purified recombinant and that
NS5A could modulate the activity of NS5B RdRp in vitro
through this direct interaction (54). Here we demonstrated the
critical role of regions essential for the NS5A-NS5B interac-
tion in HCV RNA replication with an HCV subgenomic rep-
licon by introducing several internal deletion mutations into

FIG. 3. Efficient translation of mutant FLAG-NS5As. COS1 cells
were transiently transfected with mammalian expression vectors ex-
pressing FLAG-NS5A proteins that were prepared as described in
Materials and Methods. Lanes: 4, 16, and 26, wild type; 1, internal
deletion 1; 2, internal deletion 2; 3, internal deletion 3; 5, cm 252; 6, cm
94; 7, cm 100; 8, cm 105; 9, cm 113; 10, cm 120; 11, cm 127; 12, cm 134;
13, cm 141; 14, cm 148; 15, cm 155; 17, cm 277; 18, cm 283; 19, cm 290;
20, cm 297; 21, cm 304; 22, cm 311; 23, cm 315; 24, cm 321; 25, cm 328.
Total lysates were fractionated by SDS–10% PAGE and subjected to
Western blot analysis with anti-FLAG monoclonal antibody. Molecu-
lar masses (in kilodaltons) are indicated to the left of the panels.
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NS5A. Our results provide clear evidence that NS5A is indis-
pensable for HCV RNA replication probably through its
interaction with NS5B, since the mutants missing the NS5B-
binding regions, regions 1 and 2, could not produce G418-
resistant colonies, but the mutants missing region 3, which is
not essential for this interaction, could. The critical role of
NS5A in HCV RNA replication in this report is consistent with
the previous one that an amino-terminal amphipathic �-helix
of NS5A is essential for HCV RNA replication in the replicon
system, localizing NS5A to a membrane (13). The use of cm
mutants strongly suggests that all of region 1 and the C-termi-
nal part of region 2 are critical for HCV RNA replication.
However, it is difficult to exclude the possibility that the sub-
stitution of eight amino acids in a row may induce structural
change. Then the critical regions defined by cm mutants may
simply reflect the structural integrity necessary for the func-
tion, although a structural evaluation is difficult at present,
since no crystal model of NS5A is available. Further muta-
tional analysis is necessary to test these possibilities.

HCV RNA replication would take place in a distinctly al-
tered membrane structure of the endoplasmic reticulum, a
membranous web (12), as recently reported by Gosert et al.
(20). All NS proteins might be recruited to the membrane

structure via their own membrane association domains or by
the help of NS4A in the case of NS3 (8, 13, 20, 28, 30, 51, 52,
63). Recently, Dimitrova et al. (11) reported that all six NS
proteins interact with each other through their multiple inter-
acting surfaces. NS5B is HCV RdRp and has been reported to
interact with NS proteins and some host proteins. Such inter-
action(s) may modulate the activity of NS5B RdRp in various
ways. The critical role of the homomeric interaction of NS5B
in RdRp activity was demonstrated by us and another group
(48, 60). Piccininni et al. (47) reported that NS5B interacts
with NS3 and NS4B as positive and negative regulators in the
replication complex. Previously, it was reported that the direct
binding of NS5A and NS5B in the isolate JK-1 weakly stimu-
lated the activity of NS5B RdRp in vitro at first (at a molar
ratio to NS5B of less than 0.1) and then inhibited the activity
in a dose-dependent manner (54). In the present study, we
showed that the two regions of NS5A are important for binding
NS5B and are essential for HCV RNA replication in the iso-
late M1LE by HCV replicon assays. The weak stimulation by
NS5A of RdRp activity through the binding of NS5B observed
in vitro may reflect the essential role of NS5A in HCV RNA
replication, or the interaction between NS5A and NS5B is
important for the dynamic assembly of NS proteins in the HCV

FIG. 4. Effect of internal deletion mutation on HCV RNA replication. Huh-7-DMB cells were transfected with 1 �g of in vitro-transcribed
wild-type MILE, 5Adel-1, 5Adel-2, 5Adel-3, and 5B-VDD RNA by electroporation, and G418-resistant cells were selected with a G418
concentration of 1 mg/ml. G418-resistant cell colonies were stained 4 weeks after transfection. (A) This figure shows the mean number of
G418-resistant cell colonies isolated per 10-cm-diameter cell culture dish per 1 �g of RNA. Error bars indicate the standard deviations of the
results from at least three independent experiments. (B) G418-resistant colonies were visualized by staining cells as described in Materials and
Methods.
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FIG. 5. Effect of clustered alanine-substitution mutations on HCV RNA replication. Huh-7-DMB cells were transfected with 1 �g of in
vitro-transcribed wild-type MILE, 5Adel-1, 5Adel-2, and cm 94, 100, 105, 113, 120, 127, 134, 141, 148, 155, 252, 277, 283, 290, 297, 304, 311, 316,
321, and 328 RNA, and G418-resistant cells were selected with a G418 concentration of 0.5 mg/ml. G418-resistant cell colonies were stained 4
weeks after transfection. This figure shows the mean number of G418-resistant cell colonies isolated per 15-cm-diameter cell culture dish per 1 �g
of RNA. Error bars indicate the standard deviations of the results from at least three independent experiments.

FIG. 6. Effects of three kinds of point mutation, S225P, deletion S229, and S232I, on HCV RNA replication in the Huh-7-DMB and KV-C
sublines. 50-1 cells were cured of self-replicating subgenomic RNAs by IFN-� treatment, and then cured 50-1 cells, Huh-7-KV-C, were prepared.
Huh-7-DMB and KV-C cells were transfected with 10 ng to 1 �g of in vitro-transcribed wild-type M1LE, M1LE/S225P, M1LE/delS229, and
M1LE/S232I RNA. G418-resistant cells were selected with a G418 concentration of 1 mg/ml. G418-resistant cell colonies were stained 4 weeks
after transfection. (A) This figure shows the mean number of G418-resistant cell colonies isolated per 10-cm-diameter cell culture dish per 1 �g
of RNA when each in vitro-transcribed mutant RNA was transfected into Huh-7-DMB cells. Error bars indicate the standard deviations of the
results from at least three independent experiments. (B) This figure shows the mean number of G418-resistant cell colonies isolated per
10-cm-diameter cell culture dish per 1 �g of RNA when each in vitro-transcribed mutant RNA was transfected into Huh-7-KV-C cells. Error bars
indicate the standard deviations of the results from at least three independent experiments.
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replication complex. Alternatively, it cannot be excluded that
the internal deletion and cm mutants may be defective in other
unknown function(s) essential for HCV RNA replication.

Adaptive mutations that increase the efficiency of HCV
RNA replication have been accumulated in different HCV
replicon systems (4, 24, 35, 37, 40). We introduced several
point mutations into NS5A of M1LE and found that two, S232I
and S225P, positively affected colony formation as adaptive
mutations in two different Huh-7 sublines. Interestingly, a de-
letion of S229 had an effect distinct from those of the other two

mutations, since it was only effective in the cured cells, the
KV-C subline. Also, it is noteworthy that wild-type M1LE
could not replicate in the Huh-7-KV-C subline. The effect of
the deletion of S229 and the replication incompetence of wild-
type M1LE may be of interest for the elucidation of the phe-
notypic or genetic change(s) in the cured cells. In combination
with the adaptive mutation, the deletion and cm mutants ex-
hibited distinct phenotypes in HCV RNA replication.

First, the mutant missing region 3 was replication incompe-
tent in the presence of S232I or S225P, which was in contrast

FIG. 7. Effect of M1LE/S232I plus internal deletion mutations or alanine-substitution mutations. Huh-7-DMB cells were transfected with 1 �g
of in vitro-transcribed M1LE/S232I plus 5Adel-1, 5Adel-2, 5Adel-3, and cm 94, 100, 105, 113, 120, 127, 134, 141, 148, 155, 252, 277, 283, 290, 297,
304, 311, 316, 321, and 328 RNA. G418-resistant cells were selected with a G418 concentration of 1 mg/ml and stained 4 weeks after transfection.
This figure shows the mean number of G418-resistant cell colonies isolated per 10-cm-diameter cell culture dish per 1 �g of RNA. Error bars
indicate the standard deviations of the results from at least three independent experiments. The number of G418-resistant cell colonies in
M1LE/S232I is derived from the results shown in Fig. 6A.

FIG. 8. Effect of M1LE/S225P plus internal deletion mutations or alanine-substitution mutations. Huh-7-DMB cells were transfected with 1 �g
of in vitro-transcribed M1LE/S225P plus 5Adel-2, 5Adel-3, and cm 252, 277, 283, 290, 297, 304, 311, 316, 321, and 328 RNA. G418-resistant cells
were selected with a G418 concentration of 1 mg/ml and stained 4 weeks after transfection. This figure shows the mean number of G418-resistant
cell colonies isolated per 10-cm-diameter cell culture dish per 1 �g of RNA. Error bars indicate the standard deviations of the results from at least
three independent experiments. The number of G418-resistant cell colonies in M1LE/S225P is derived from the results shown in Fig. 6A.

2746 SHIMAKAMI ET AL. J. VIROL.



to the dramatic increase in HCV RNA replication efficiency
obtained by introducing the adaptive mutation alone. A similar
but more moderate phenotype was observed with cm 252 when
the adaptive mutation was present. Our result is different from
the reported enhancement of G418-resistant colony formation
caused by a large 47-aa deletion in HCV-Con1 (4) and by a
natural 4-aa insertion in HCV-N (29). Region 3 contains the
IFN sensitivity-determining region, within which mutations
have been reported to be associated with sensitivity to IFN
therapy in patients with chronic HCV infection in Japan (14,
15). Region 3 is almost the same as a protein kinase R (PKR)-
binding domain (18). It has been reported that NS5A can
disrupt the dimerization of PKR through binding, resulting in
the repression of PKR function, and efficient HCV RNA rep-
lication may involve a block in PKR-dependent signaling (18,
46). In this context, the adaptive mutations can greatly aug-
ment HCV RNA replication and thus may induce PKR, which
could be inactivated via interaction with the PKR-binding re-
gion of NS5A, region 3, but not with those mutants defective in
PKR-binding, such as del-3 and cm 252.

Second, cm 290 was less replication competent than the
other cm mutants in region 2 when the adaptive mutation,
S232I or S225P, was present. The highly charged sequence
mutated in cm 290 may be critical for HCV RNA replication in
the presence of the adaptive mutation. To address this point,
four different combinations of three to four alanine substitu-
tions in 7 aa residues were introduced into the M1LE/S232I
construct. All of these mutants were more efficient in HCV
RNA replication than M1LE/S232I plus cm 290 but still less so
than the other replication-competent mutants in region 2 (data
not shown), suggesting that all or most amino acids in the
sequence contribute to its critical role in HCV RNA replica-
tion in the presence of the adaptive mutations. This result may
suggest a functional linkage of the sequence mutated in cm 290
to the adaptive mutations.

In HCV subgenomic replicons, some groups have found that
cured cell clones showed a high permissiveness for HCV RNA
replication (5, 45) while another has not (40). Between the
recipient sublines we used, the cured cells (Huh-7-KV-C) shared
the nonpermissive property for wild-type M1LE; however, the
DMB subline was permissive for wild-type M1LE and/or adaptive
mutations with lower efficiency than the KV-C subline. These
results suggest that several different genetic or phenotypic alter-
ations in recipient cells emerge under IFN treatment or multiple
ways for cells to be permissive to HCV RNA replication.

In summary, we established a highly efficient HCV replicon
system derived from the isolate M1LE and demonstrated that
the two regions critical for the interaction between NS5A and
NS5B are also indispensable for HCV RNA replication in an
HCV replicon system. Our results strongly suggest that NS5A
is involved in the HCV replication complex and acts as a
positive modulator of HCV RNA replication through its inter-
action with NS5B. The molecular mechanism of this positive
effect by NS5A remains to be elucidated and may lead to the
design of new drugs that inhibit HCV RNA replication.
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